Arginine methylation of human immunodeficiency virus type 1 (HIV-1) Tat protein downregulates its key function in viral-gene transactivation. The fate of methylated Tat is unknown, so it is unclear whether methylated Tat is degraded or persists in the cell for additional functions. Here we show that the arginine methyltransferase PRMT6 increases Tat protein half-life by 4.7-fold. Tat stabilization depends on the catalytic activity of PRMT6 and requires arginine methylation within the Tat basic domain. In contrast, HIV-1 Rev, which is also methylated by PRMT6, is completely refractory to the stabilizing effect. Proteasome inhibition and silencing experiments demonstrated that Tat can be degraded by a REG␥-independent proteasome, against which PRMT6 appears to act to increase Tat half-life. Our data reveal a proteasome-dependent Tat degradation pathway that is inhibited by arginine methylation. The stabilizing action of PRMT6 could allow Tat to persist within the cell and the extracellular environment and thereby enable functions implicated in AIDS-related cancer, neurodegeneration, and T-cell death.
Protein arginine methylation is a posttranslational modification involved in regulating protein-protein and protein-nucleic acid interactions. It results in a plethora of effects during key cellular events, including transcriptional regulation (18, 37) , T-cell activation (4), differentiation (53) , cytokine signaling (42) , and DNA repair (3) . The protein arginine methyltransferase (PRMT) family of enzymes has at least 11 members, all of which catalytically transfer methyl groups from S-adenosyl-L-methionine to the guanidino groups of arginine (21) . Either one or two methyl groups may be transferred to a single arginine residue in three distinct conformations: monomethylarginine (generated by type I and II PRMTs), asymmetric dimethylarginine (type I PRMTs), and symmetric dimethylarginine (type II PRMTs). Previously thought to be irreversible, emerging data now suggest that arginine methylation may be a reversible posttranslational modification (8) .
Following infection, human immunodeficiency virus type 1 (HIV-1) reverse transcribes its RNA genome to DNA and integrates into a host cell's chromosome. Efficient gene expression from the integrated provirus requires Tat-dependent recruitment of the positive transcription elongation factor b (PTEFb) complex, composed of cyclin T1 and CDK9 (56) , as well as recruitment of chromatin-remodeling factors during transcriptional elongation (1, 40) . Cofactor recruitment is enhanced by posttranslational modifications of Tat, including acetylation by PCAF, p300, and hGCN5 (13, 32) ; deacetylation by SIRT1 (46) ; and ubiquitination by MDM2 (7) . It has recently been discovered that Tat transactivation function can be downmodulated by methylation of Tat arginine residues by PRMT6 (5, 58) and lysine residues by SETDB1 and SETDB2 (55) . This enhancement and suppression of transactivation lend themselves to a hypothesis that posttranslational modifications regulate Tat in a "transactivation cycle" (24) .
PRMT6 is a type I methyltransferase involved in regulating base excision repair (14) , suppressing the HMGA1a architectural transcription factor (51) , and controlling transcription by methylating histone H3 (22, 26) . Arginine methylation by PRMT6 was recently shown to have a negative impact on the activities of HIV-1 Tat, Rev, and nucleocapsid proteins (5, 27, 28) . PRMT6 methylates Tat at arginine residues 52 and 53 and consequently disrupts the Tat-TAR-cyclin T1 complex required for transactivation (58) , presumably by inhibiting interactions between R52/R53 and the bulge region of TAR. It is therefore thought that PRMT6 is a negative regulator of Tat function, but the fate and functions, if any, of methylated Tat are unknown. Here we found that overexpression of PRMT6 led to a significant increase in Tat stability in a manner requiring PRMT6 catalytic activity. The increase in stability was due to prevention of Tat degradation by a proteasome. Our data raise the possibility that PRMT6 generates a distinct subset of stable Tat molecules able to perform functions other than Tat's established role in HIV-1 gene expression.
MATERIALS AND METHODS
Cell culture and transfections. HeLa and HEK293T cells were cultured in RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and either 10% (vol/vol) fetal bovine serum or 10% (vol/vol) newborn bovine serum (Invitrogen Corporation). The cells were incubated at 37°C in air containing 5% CO 2 . Plasmid transfections were performed with Lipofectamine 2000 (Invitrogen) or FuGene 6 (Roche Diagnostics Corp.) transfection reagent.
Transfections typically involved 1.5 to 2 g of individual plasmid per 6-cm dish of cells at 80% confluence.
Plasmids. The plasmid expressing Tat (BH10 clone; 101 amino acids) fused to the FLAG tag (pcDNA3.1/Tat-FLAG) was a gift from Monsef Benkirane, Institut de Génétique Humaine, France. The R52K R53K mutant (pcDNA3.1/Tat-R52/53K-FLAG) was derived from pcDNA3.1/Tat-FLAG by inverse PCR using primers 5Ј-AGAAACAGCGACGAAGACC and 5Ј-TCTTCTTCCTGCCAT AGG. The plasmids expressing fusions between the MYC tag and wild-type PRMT6 (pMyc-PRMT6) or methyltransferase-deficient mutant PRMT6 (pMycPRMT6mut) were gifts from Stéphane Richard, McGill University, Canada. The mutant contains V86K and D88A amino acid mutations compared to wild-type PRMT6 (GenBank accession no. BC073866). The plasmid expressing a fusion between glutathione S-transferase (GST) and PRMT6, pGEX-6P-PRMT6, was a gift from Mark Bedford, M. D. Anderson Cancer Center, TX. The plasmid expressing a fusion between GST and GAR, pGEX-2T-GAR, was a gift from Steve Clarke, UCLA, Los Angeles, CA (19) .
The plasmids expressing Tat-FLAG localization mutants were created from pcDNA3.1/Tat-FLAG either by removing the Tat basic domain by inverse PCR and ligating double-stranded oligonucleotides encoding Semliki Forest virus (SFV) capsid nuclear localization signal (NLS) P2 (17) (sense strand, 5Ј-AAG AAGAAAGACAAGCAAGCCGACAAGAAGAAGAAGAAA) or by inserting double-stranded oligonucleotides encoding RevNES (52) (sense strand, 5Ј-CCTCTTCAGCTACCACCGCTTGAGAGACTTACTCTTGAT) between the Tat second exon and the FLAG tag. The plasmids expressing hexahistidine (His 6 )-tagged Tat mutants were cloned from the respective pcDNA3.1 constructs into pDONR201 and then into pDEST17 using the Gateway cloning system (Invitrogen).
The HIV-1 proviral expression vector pGCH will be fully described elsewhere (L. Meredith, C. Ducloux, C. Isel, R. Marquet, and D. Harrich, unpublished data). The FLAG tag sequence was inserted at the 5Ј end of the tat open reading frame via inverse PCR using primers 5Ј-GACGATGACAAGGAGCCAGTAG ATCCTAGA and 5Ј-GTCCTTATAATCCATTTCTTGCTCTCCTCTG. The ␤-galactosidase expression plasmid pCMV␤ (Clontech Laboratories) was used as a transfection control for Western blot experiments.
Western blotting. Transfected HeLa cells were harvested 24 h posttransfection with phosphate-buffered saline containing 0.5 mM EDTA. The cells were washed in phosphate-buffered saline and lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail [Roche], 1% [wt/vol] Triton X-100). The lysates were centrifuged at 1,500 ϫ g to pellet debris, and the supernatants were collected. Total protein concentrations were determined by the Bradford method (6), and if applicable, ␤-galactosidase activity was measured by a chlorophenol red-␤-D-galactopyranoside-based assay (16) . The lysates were boiled in Laemmli sample buffer (33) and electrophoresed in a denaturating polyacrylamide gel (sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]) under reducing conditions. Proteins were electroblotted to a polyvinylidene fluoride membrane (GE Healthcare) using a semidry transfer system (Bio-Rad Laboratories Inc.).
Tat-FLAG was detected with mouse anti-FLAG M2 antibody (Sigma-Aldrich Inc.). Myc-PRMT6, its mutant, and Myc-Rev were detected with mouse anti-MYC clone 9E10 antibody (Millipore Corp.). Endogenous PRMT6 was detected with rabbit anti-PRMT6 antibody (LifeSpan Biosciences Inc.). HIV was detected with HIV-IG antiserum (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH). ␤-Tubulin was detected with mouse anti-␤-tubulin clone 2-28-33 antibody (Sigma-Aldrich). His 6 -ubiquitin (Ub)-conjugated proteins were detected with mouse Penta-His antibody (Qiagen). Endogenous CDK9 was detected with rabbit anti-CDK9 clone C12F7 antibody (Cell Signaling Technology). Endogenous IB␣ was detected with rabbit anti-phospho-IB␣ (Ser32) clone 14D4 antibody (Cell Signaling). Endogenous REG␥ was detected with rabbit anti-PA28␥ antibody (Cell Signaling). Mouse primary antibodies were detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (Invitrogen), and rabbit antibodies were detected with HRP-conjugated goat anti-rabbit antibody (Invitrogen). HIV antiserum was detected with HRPconjugated goat anti-human immunoglobulin G antiserum (Sigma-Aldrich). Bands were visualized with SuperSignal West Pico chemiluminescent substrate (Pierce Biotechnology).
RNA interference. HeLa cells in 6-cm dishes were transfected with small interfering RNA (siRNA) against PRMT6 (target mRNA sense sequence, 5Ј-C AAGUGGAGCAAGACACGGACGUUU) or a percentage GC-matched negative control (Invitrogen). Typically, 300 pmol of siRNA was transfected using 60 l/nmol of GenePorter 2 transfection reagent (Genlantis Inc.) for 24 h. The cells were then transfected again with 0.5 g of pCMV␤ and 2 g of either pcDNA3.1/ Tat-FLAG or pcDNA3.1 using 3.5 l/g of GenePorter 2. The dishes were supplemented with newborn bovine serum at a 10% (vol/vol) final concentration after 5 h and incubated for a further 19 h until harvest. Western blotting was performed on lysates normalized for total protein (for endogenous PRMT6 and ␤-tubulin expression) or normalized for ␤-galactosidase activity (for Tat-FLAG expression).
Microscopy. HeLa cells growing on coverslips were transfected with pcDNA3.1/Tat-FLAG localization mutants and allowed to express for 24 h. The cells were fixed with 3% (wt/vol) paraformaldehyde, quenched with 50 mM NH 4 Cl, permeabilized with 0.1% (wt/vol) Triton X-100, and blocked with 10% (vol/vol) normal goat serum (Millipore Corp.). Tat-FLAG mutants were visualized with mouse anti-FLAG M2 monoclonal (Sigma-Aldrich) and fluorescein isothiocyanate-conjugated goat anti-mouse polyclonal (Invitrogen) antibodies. Nuclei were stained with 1 M DAPI (4Ј,6-diamidino-2-phenylindole) (Invitrogen) and mounted on slides with SlowFade Gold mounting medium (Invitrogen). Images were acquired with a Leica TCS SP2 confocal system (Leica Microsystems) using an oil immersion 63ϫ objective lens. Images were uniformly postprocessed using The GIMP software (version 2.2), within which nuclei were traced using the "Threshold," "Despeckle," and "Edge-Detect" functions.
Recombinant proteins and in vitro methylation. Recombinant His 6 -tagged wild-type Tat, Tat-R52/53K, and SFV-NLS mutant Tat were isolated from Escherichia coli as previously described (2) . E. coli BL21(DE3) pLysS transformed with the GST-PRMT6 or GST-GAR plasmid was induced with 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h before GST-PRMT6 or GST-GAR was isolated using the MagneGST protein purification system (Promega Corp.) according to the manufacturer's instructions. GST-PRMT6 was eluted in a solution containing 50 mM glutathione, 50 mM Tris-HCl (pH 8.1), 120 mM NaCl, and 2% (vol/vol) glycerol. In vitro methylation reactions between GST-PRMT6 and His 6 -Tat mutants or GST-GAR were performed as previously described (19) , but using 50.8 kBq of [ Protein translation arrest. HeLa cells cotransfected with pcDNA3.1/Tat-FLAG and either pMyc-PRMT6 or empty vector (pcDNA3.1) were treated 24 h posttransfection with medium containing 80 g/ml cycloheximide (CHX) (Sigma-Aldrich) or vehicle (dimethyl sulfoxide [DMSO]). Cells were harvested at 0, 2, 4, and 6 h posttreatment, and Western blotting was performed on lysates equalized for total protein amounts. Band (pixel) intensities were quantified using ImageJ (version 1.39) and corrected for background levels. The mean natural log values of band intensities (from two independent experiments) were plotted against time. Tat-FLAG half-lives were determined mathematically when values were fitted to the linear-transformed exponential-decay formula: ln I ϭ ln I 0 Ϫ t, where I is the Tat-FLAG band intensity at time t, I 0 is the initial Tat-FLAG band intensity at 0 h, and is the decay constant. is equivalent to the slope of the curve, and the half-life is equal to ln 2/.
Ubiquitination assay and proteasome inhibition. The ubiquitination assay has been described elsewhere (47) . The His 6 -Ub expression plasmid was a gift from Dirk Bohmann, University of Rochester Medical Center, New York, NY. For the proteasome inhibition experiment, transfected HeLa cells were treated 24 h posttransfection with combinations of 80 g/ml CHX, 20 M MG-132 (Merck Chemicals Ltd.), and DMSO as the vehicle control. Cells were harvested 3 h later, and Western blotting was performed on lysates equalized for total protein.
Lentiviruses and a REG␥-silenced cell line. To generate the lentivector expressing a synthetic microRNA (miRNA) against PSME3, the luc miRNA in pcDNA6.2-GW/EmGFP-miR-luc (Invitrogen) was first removed by inverse PCR using primers 5Ј-GCTGAATAGTTAACACAAGGCCTGT and 5Ј-AATAGCT AGCACAGCCTTCAGCAAG. An artificial REG␥ pre-miRNA targeting the PSME3 mRNA sense sequence, 5Ј-ACAUCCAUGACCUAACUCAGA (12), was generated by annealing synthetic oligonucleotides and ligating them into pcDNA6.2-GW/EmGFP-miR-(luc Ϫ ). The emerald green fluorescent protein (EmGFP)-miR-REG␥ cassette was amplified by PCR using primers 5Ј-AGCA GTGATCAAAACCATGGTG and 5Ј-AGATATCTCGAGTGCGGC and was then subcloned to replace the GFP gene in pLOX-CWgfp (49) (a gift from Andreas Suhrbier, Queensland Institute of Medical Research, Australia) using BamHI and XhoI restriction enzymes. This generated the lentivector pLOX-CW/EmGFP-miR-REG␥. The negative control lentivector (pLOX-CW/ EmGFP-miR-neg) was similarly derived from pcDNA6.2-GW/EmGFP-miR-neg (Invitrogen) and targets the sequence 5Ј-GUCUCCACGCGCAGUACAUUU.
Lentiviruses were produced by transfecting HEK293T cells with the lentivectors, pCMV⌬R8.91 and pCMV-VSV-G plasmids. 
RESULTS
PRMT6 increases the steady-state level of Tat in the cell. Certain PRMTs are known to alter the stabilities of their substrate proteins (10, 43) . To test if PRMT6 altered the steady-state level of Tat, we cotransfected HeLa cells to overexpress PRMT6 with either wild-type Tat or a mutant of Tat in which the known PRMT6 methylation sites (arginines 52 and 53) had been mutated to lysines. Both forms of Tat were expressed as Tat-FLAG tag fusions, and PRMT6 was expressed as a Myc tag-PRMT6 fusion. A ␤-galactosidase expression plasmid was included in all transfections to account for variations in transfection efficiency and nonspecific effects on expression (since all plasmids express their proteins with the cytomegalovirus [CMV] promoter). When Western blotting was performed on cell lysates with equivalent ␤-galactosidase activities, we observed that Myc-PRMT6 induced a dose-dependent increase in the steady-state level of wild-type Tat-FLAG (Fig. 1A, lanes 1 to 3) in each of six independent experiments. The effect was also observed with mutant Tat-FLAG (lanes 4 to 6), suggesting that mutation of arginines 52 and 53 is not sufficient to block the stabilizing effect of PRMT6. To determine if the methyltransferase activity of PRMT6 is necessary for this phenomenon, we repeated the experiment with a mutant of Myc-PRMT6 (Myc-PRMT6mut) described as catalytically inactive (5, 58). Overexpression of MycPRMT6mut did not alter the steady-state levels of either wildtype or mutant Tat-FLAG (Fig. 1B) . The data therefore show that PRMT6 can increase the steady-state level of Tat in a manner requiring PRMT6 methyltransferase activity but not requiring the reported arginine methylation sites in Tat (58) .
We next performed RNA interference to test if knockdown of endogenous PRMT6 expression can alter Tat steady-state levels. HeLa cells were initially transfected with a PRMT6 siRNA or a control siRNA and then transfected 24 h later with Tat-FLAG or empty-vector plasmids (along with ␤-galactosidase plasmid). When we performed Western blotting of cell lysates with equivalent ␤-galactosidase activities, we observed that silencing endogenous PRMT6 expression induced a marked decrease in Tat-FLAG levels compared to control siRNA (Fig. 1C) . These results confirm that PRMT6 affects the steady-state level of Tat in cells.
Other HIV-1 proteins can also be methylated by PRMT6 (27, 28) . We next investigated if overexpression of PRMT6 could alter the steady-state level of HIV-1 Rev. Rev shares several characteristics with Tat, in addition to being directly methylated by PRMT6, such as being translated from multiply spliced mRNA and being a small nucleocytoplasmic protein.
We cotransfected HeLa cells to overexpress a Myc tag-Rev fusion protein, along with wild-type Myc-PRMT6 (the ␤-galactosidase control plasmid was included). Western blotting of ␤-galactosidase-equalized cell lysates revealed no increase in the Myc-Rev steady-state level with increasing amounts of Myc-PRMT6 (Fig. 1D) . Thus, PRMT6 increases the steadystate level of Tat, but not Rev.
The basic domain of Tat is required for PRMT6 to increase Tat steady-state levels. The observation that PRMT6 could increase the steady-state level of the R52/53K Tat mutant (Fig.  1A) suggested that direct Tat methylation may not be required for this effect or that PRMT6 can methylate Tat at other arginine residues. Previous in vitro investigations showed that PRMT6 methylates Tat only within its arginine-rich basic domain (5) . We thus created a Tat-FLAG mutant in which the Tat basic domain, which contains both the R52-R53 sequence and an NLS, was replaced with the NLS from SFV capsid protein (17) to determine if the entire basic domain is required for PRMT6 to increase the Tat steadystate level (Fig. 2A) . Of note, the SFV NLS is devoid of arginine residues. As a control, we included a Tat-FLAG mutant in which the Tat basic domain was kept intact and a nuclear export signal (NES) from HIV-1 Rev (52) was fused to the carboxyl terminus (RevNES) (Fig. 2A) . Confocal microscopy of transfected HeLa cells revealed that the SFV mutant localized primarily to the nucleoplasm and nucleolus, like wild-type Tat-FLAG, but also showed some cyto-FIG. 2. PRMT6-mediated stabilization of Tat requires the Tat basic domain and nuclear localization. (A) Schematic diagrams, not drawn to scale, of wild-type Tat-FLAG (WT) and two domain substitution mutants. In SFV, the Tat basic domain, which contains an NLS and the target arginines of PRMT6-mediated methylation (underscored), was replaced with the NLS from SFV capsid protein. In RevNES, the Tat basic domain was left intact but the NES from HIV-1 Rev was fused to the carboxyl terminus of Tat. (B) (Top) Indirect immunofluorescence confocal microscopy was performed on HeLa cells expressing the Tat-FLAG mutants to determine subcellular localization. Wild-type and mutant Tat-FLAG were detected with anti-FLAG-fluorescein isothiocyanate antibodies (gray). The nuclei were stained with DAPI and are outlined with solid white lines. The micrographs are representative of 12 frames from two independent experiments. (Bottom) Western blots of HeLa cells expressing wild-type or mutant Tat-FLAG alone (Ϫ) or coexpressing increasing amounts of Myc-PRMT6 (wedges). All samples were cotransfected with a ␤-galactosidase expression vector, and Western blotting was performed with lysates equalized for ␤-galactosidase activity. All panels are representative of at least three independent experiments. (C) In vitro methylation reactions between GST-PRMT6 and His 6 -tagged wild-type Tat (WT), a His 6 -Tat-R52/53K mutant (RK), and a His 6 -Tat-SFV mutant (SFV), with [ 3 H]AdoMet as a methyl donor, were analyzed by SDS-PAGE and autoradiography. GST-GAR (GAR) was used as a control methyltransferase substrate. Note that GST-PRMT6 can automethylate (19) . A 3-week autoradiograph is shown on the left, and a corresponding total-protein gel, visualized with Coomassie G250, is shown on the right. Molecular masses (in kDa) are shown on the left of both images. The data are representative of two independent experiments.
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PRMT6 STABILIZES Tat  11697 plasmic accumulation (Fig. 2B) . In contrast, the RevNES mutant was exclusively cytoplasmic. HeLa cells were next cotransfected to express the Tat-FLAG mutants with increasing amounts of Myc-PRMT6 to assess the effects of the mutations on the PRMT6-mediated stabilization of Tat. In sharp contrast to wild-type Tat-FLAG, the SFV mutant showed no significant dose-dependent stabilization with increasing Myc-PRMT6 expression (Fig. 2B) . The steadystate levels of the Tat-FLAG RevNES mutant similarly did not change with increasing Myc-PRMT6 despite the presence of an intact Tat basic domain (Fig. 2B) . Taking the data together, we conclude that PRMT6-mediated stabilization of Tat requires the presence of an arginine-rich basic domain in Tat and concomitant nuclear localization.
To determine if the Tat-R52/53K and Tat-SFV mutants are directly methylated by PRMT6, we performed in vitro methylation experiments with recombinant GST-PRMT6 and His 6 -tagged Tat proteins purified from E. coli. GST-GAR was used as a control substrate for methylation. GAR is a 148-aminoacid human fibrillarin-derived peptide that contains glycineand arginine-rich motifs robustly methylated by several arginine methyltransferases, including PRMT6 (44) . Analysis of the methylation reactions showed that both wild-type Tat and the R52/53K mutant were methylated by PRMT6, whereas the SFV Tat mutant was not (Fig. 2C) . The differential methylation of wild-type, R52/53K, and SFV Tat correlates with their different stabilization patterns (Fig. 1A and 2B ), supporting the notion that PRMT6-mediated stabilization of Tat requires direct arginine methylation.
PRMT6 increases the steady-state level of provirus-expressed Tat. To confirm the effect of PRMT6 on Tat in the presence of other viral proteins, we coexpressed Myc-PRMT6 with the infectious proviral vector pGCH-FLAG-Tat. The vector expresses HIV-1 with a FLAG-Tat fusion in situ without requiring Tat transactivation activity, since proviral-gene expression uses a CMV promoter in place of the HIV-1 long terminal repeat promoter (Fig. 3A) . HeLa cells were cotransfected with Myc-PRMT6 and pGCH-FLAG-Tat plasmids, along with the ␤-galactosidase plasmid to correct for effects on the CMV promoter. Western blotting of ␤-galactosidaseequalized cell lysates showed an increase in FLAG-Tat steadystate levels in the presence of Myc-PRMT6 compared to FLAG-Tat levels in its absence (Fig. 3B) . We also observed a decrease in Gag expression in the Myc-PRMT6 sample, likely caused by downregulation of gag mRNA export as a result of previously described effects of Myc-PRMT6 on Rev function (28) . The data therefore indicate that PRMT6 can increase the steady-state level of Tat when expressed by HIV-1.
PRMT6 increases the half-life of Tat. An increase in the steady-state level of a protein may indicate an increase in its stability. We performed translation arrest experiments with CHX to see if PRMT6 increases Tat protein stability. CHX treatment has been used to determine the half-lives of several proteins, including Tat (20, 29, 31, 41) . HeLa cells transfected to express Tat-FLAG alone or with Myc-PRMT6 were treated with CHX and harvested in a time course. Western blotting was then performed on the cell lysates normalized for total protein amounts. Figure 4A shows that Tat-FLAG levels were sustained in the presence of Myc-PRMT6 but that Tat-FLAG was degraded more quickly in the absence of Myc-PRMT6. The natural log values of quantified Tat-FLAG band intensities were plotted against time to calculate protein half-lives (Fig. 4B) . The half-life of Tat-FLAG alone was 2.6 h, in fair agreement with the results of Gargano and colleagues (20) . In the presence of Myc-PRMT6, the half-life of Tat-FLAG increased 4.7-fold to 12.1 h. Protein-radiolabeling pulse-chase experiments confirmed these results and determined that CHX did not artificially affect Tat-FLAG stability (data not shown).
Overall, these results demonstrate that PRMT6 increases Tat steady-state levels by increasing Tat protein stability.
PRMT6 prevents degradation of Tat by a proteasome. Protein stability is often regulated by the ubiquitin-proteasome system, in which the polyubiquitination of a protein marks the protein for degradation by a proteasome. We assessed if PRMT6 increases Tat stability by suppressing Tat polyubiquitination in a standard ubiquitination assay. HEK293T cells (chosen for their ability to express transfected proteins at very high levels) were cotransfected with Tat-FLAG and Myc-PRMT6 plasmids, along with a plasmid expressing His 6 -Ub. Cell lysates with equivalent Tat-FLAG protein levels (Fig. 5A) were loaded onto nickel-nitrilotriacetic acid agarose beads in order to capture proteins ubiquitinated with the His 6 -Ub moieties. Western blotting was performed using the anti-FLAG antibody to detect ubiquitinated Tat.
Figure 5B, lane 2, demonstrates that only three ubiquitinated forms of Tat were pulled down. Monoubiquitinated Tat-FLAG was the major form detected, as previously observed by Brès and coworkers (7) . The two additional forms, presumably di-and triubiquitinated Tat-FLAG, were observed at lower intensities. Importantly, no other Ub concatemers were present; the two higher bands in lane 2 are nonspecific, as seen in lane 1 (His 6 -Ub only). Coexpression of Myc-PRMT6 did not alter the Tat ubiquitination pattern (Fig. 5B, lane 3) . When we probed the blot with anti-His 6 antibody, we confirmed that ubiquitinated proteins were being efficiently captured (Fig. 5B , anti-His 6 Western blot). The same results were observed when HeLa cells were used, and Tat-FLAG was not pulled down in the absence of His 6 -Ub (data not shown). We infer from the data that Tat is not polyubiquitinated but is probably multiply ubiquitinated with only a few Ub monomers.
Tat may still be subject to proteasomal degradation (20) despite its lack of polyubiquitination. To test this hypothesis, HeLa cells expressing Tat-FLAG were treated with the proteasome inhibitor MG-132. Treatment for 3 h resulted in a slight increase (1.7-fold) of Tat-FLAG signal compared to vehicle-treated controls as assessed by Western blotting (Fig.  5C, lanes 4 and 5) , consistent with other studies (7, 20, 30) . However, constitutive plasmid expression may mask any significant rescue of Tat-FLAG by the proteasome inhibitor. Thus, we repeated the experiment but treated the cells with CHX in order to stop translation and to create a finite pool of Tat-FLAG in the cell. Compared to vehicle controls, CHX greatly reduced the Tat-FLAG signal after the 3-h treatment period (4.8-fold) (Fig. 5C, lane 6) , confirming efficient translation arrest. Significantly, simultaneous treatment of cells with CHX and MG-132 (lane 7) rescued Tat-FLAG protein levels compared to treatment with CHX alone (a 7.3-fold increase compared to lane 6), clearly demonstrating that proteasome activity is required for Tat-FLAG degradation. Coexpression of Myc-PRMT6 in CHX-arrested cells also rescued Tat-FLAG levels (7.4-fold rescue; lane 8 versus lane 6). Furthermore, no additive increase of Tat-FLAG levels was observed in CHXarrested cells when Myc-PRMT6 coexpression and MG-132 treatment were combined (compare lanes 7, 8, and 9). This may indicate that Myc-PRMT6 and MG-132 share a common pathway to stabilize Tat-FLAG. PRMT6 therefore prevents Tat degradation by a proteasome-dependent pathway.
Myc-PRMT6 may prevent Tat-FLAG degradation by directly inhibiting proteasome activity. To test this possibility, we transfected HeLa cells with Myc-PRMT6 plasmid and assessed endogenous CDK9 levels by Western blotting. CDK9 is known to be degraded by a proteasome presumably located in the nucleus, since CDK9 degradation requires binding to the exclusively nuclear cyclin T1 (31, 45) . Western blotting of totalprotein-normalized samples revealed no change in CDK9 steady-state levels with increasing amounts of Myc-PRMT6 (Fig. 5D, upper blots) . We similarly observed no change in the levels of IB␣, a protein degraded by a cytoplasmic proteasome (48) , in Myc-PRMT6-transfected cells (Fig. 5D, lower  blots) . The data therefore suggest that PRMT6 does not directly inhibit proteasome activity.
REG␥ is not involved in the PRMT6-sensitive Tat degradation pathway. In an attempt to characterize the Tat degradation pathway, we investigated whether REG␥ (also known as PA28␥ and PSME3) is required for Tat degradation. Heptameric REG␥ forms a regulatory cap to facilitate polyubiquitin-independent protein degradation by the REG␥ proteasome in the nucleus (9, 38, 39) , thereby making REG␥ a candidate cofactor for Tat instability. We created a REG␥-silenced polyclonal cell line by transducing HeLa cells with lentivirus containing a CMV promoter-driven expression cassette comprised of the EmGFP gene and a synthetic miRNA targeting REG␥ (or a nontargeting negative control miRNA). EmGFP and the synthetic miRNA are expressed as a single transcript, thus tightly associating fluorescence with REG␥ silencing. Highly fluorescent integrants were isolated by fluorescence-activated cell sorting to establish the polyclonal cell lines. The cell lines were termed HEmiR-REG␥ and HEmiRneg, for cells expressing the REG␥ miRNA and negative control miRNA, respectively. Using these cell lines, we determined if silencing REG␥ alters the stabilizing effect of PRMT6 on Tat. The cell lines were transfected to express Tat-FLAG alone or Tat-FLAG with Myc-PRMT6 (along with ␤-galactosidase for transfection control) and treated 24 h posttransfection with CHX or vehicle for 3 h. Western blotting of ␤-galactosidase-normalized lysates revealed that CHX treatment decreased Tat-FLAG steadystate levels in control cells by 5.3-fold compared to vehicle treatment (Fig. 6, lanes 1 and 3) but decreased Tat-FLAG levels by only 1.6-fold in REG␥-silenced cells (lanes 2 and 4) . This suggests that REG␥ may play a role in Tat degradation, since depletion of Tat-FLAG in translation-arrested cells was slower when REG␥ was silenced. In cells coexpressing Myc-PRMT6, in contrast, CHX treatment had minimal effects on Tat-FLAG levels in control cells (a 1.1-fold difference compared to vehicle) (Fig. 6, lanes 5 and 7) and REG␥-silenced cells (a 1.2-fold difference) (Fig. 6, lanes 6 and 8) . This indicates that Myc-PRMT6 equally increased Tat-FLAG levels in both translation-arrested cell lines. Furthermore, Myc-PRMT6 increased the steady-state levels of Tat-FLAG by 3.1-fold in the REG␥-silenced cell line (Fig. 6, lanes 4 and 8) . Taken together, the data imply that Myc-PRMT6 prevents Tat degradation from a proteasomal pathway that does not involve REG␥.
DISCUSSION
Methylation of HIV-1 Tat at arginine (5, 58) and lysine (55) residues diminishes Tat function in transactivation. In contrast, the other known posttranslational modifications of Tat (including acetylation, deacetylation, ubiquitination, and phosphorylation [24] ) enhance transactivation. The precise role of Tat methylation is currently unclear; it may mark Tat for degradation and thus represent a form of innate cellular immunity (58) , or it may act to counterbalance stimulated transcription and thereby function in a Tat transactivation cycle (24, 55) . We provide evidence in this study that PRMT6, an arginine methyltransferase that directly methylates HIV-1 Tat, does not promote Tat degradation but instead increases Tat stability within cells by 4.7-fold (Fig. 4) . Stabilization requires the catalytic activity of PRMT6 (Fig. 1B) , the Tat basic domain, and Tat nuclear localization (Fig. 2B and C) . We observed a lack of polyubiquitination of Tat (Fig. 5B ) but determined that both PRMT6 and the proteasome inhibitor MG-132 rescue Tat steady-state levels in translation-arrested cells in a nonadditive manner (Fig. 5C ), suggesting that PRMT6 inhibits Tat degradation by a proteasomal pathway. The pathway, however, does not require the polyubiquitin-independent REG␥ proteasome, since silencing PSME3 expression did not affect the ability of PRMT6 to stabilize Tat (Fig. 6) . We therefore suggest that arginine methylation by PRMT6 stabilizes Tat by preventing its degradation by a proteasome.
Protein methylation has been documented to influence the stabilities of several proteins. Lysine methylation by SETD7, for example, increases the stability of the tumor suppressor p53 (11) . In contrast, arginine methylation of NCOA3 (also called p/CIP and SRC-3) by CARM1 promotes the degradation of NCOA3 (43), presumably by the REG␥ proteasome (39) . Another arginine methyltransferase, PRMT3, increases the stability of the 40S ribosomal protein S2 by suppressing ribosomal protein S2 ubiquitination in a manner independent of PRMT3 methyltransferase activity (10) . Our study provides one of the first pieces of evidence that catalytically active arginine methyltransferase activity can increase protein stability. PRMT6-mediated stabilization of Tat appears to require direct methylation. Mutating the reported arginine methylation sites in Tat, however, does not abrogate the effect (Fig. 1A) , nor does it prevent the in vitro methylation of Tat (Fig. 2C ), in agreement with previous observations (58) . PRMT6 may thus stabilize Tat by methylating arginines other than R52 and R53. This hypothesis is supported by a Tat mutant, Tat-SFV, whose argininerich basic domain was replaced with an NLS from SFV ( Fig.  2A) . Tat-SFV was unresponsive to overexpression of PRMT6 (Fig. 2B ) and, importantly, was not methylated by PRMT6 in vitro (Fig. 2C) . Since PRMT6 methylates Tat only within the basic domain (5), these results suggest that methylation of Tat basic-domain arginines is likely to be a prerequisite for stabilization.
Rescue of Tat by PRMT6 appears to be through prevention of Tat degradation from a proteasomal pathway (Fig. 5C ). PRMT6 does not perturb general proteasome function, since the stabilities of endogenous CDK9 and IB␣, nuclear and cytoplasmic proteins, respectively, that are degraded by proteasomes (31, 48), were not altered by PRMT6 overexpression (Fig. 5D ). An unanswered question is against which class of proteasome does PRMT6 prevent Tat degradation. Coexpression of Myc-PRMT6 did not alter Tat-FLAG's nuclear localization (data not shown), indicating that the proteasome must be nuclear. Gargano and colleagues speculated that the nuclear REG␥ proteasome may be involved in Tat degradation (20) . While our results may support this hypothesis to a limited extent (Fig. 6, lanes 3 and 4) , PRMT6 appears to block Tat degradation from a more dominant proteasomal pathway. Lassot and coworkers demonstrated that Tat specifically disassembles another nuclear proteasome, the 26S multicatalytic proteinase, by recruiting the PAAF1 proteasome disassembly factor during transactivation (36) . They showed that Tat subsequently recruits the liberated 19S regulatory particle to enhance HIV-1 gene expression (36) . Whether 26S promotes Tat degradation outside of transactivation is unknown, and as such, it remains a candidate proteasome from which PRMT6 pro- FIG. 6 . Silencing REG␥ expression does not affect the ability of PRMT6 to stabilize Tat. HeLa-derived cell lines stably expressing miRNA against PSME3 (REG␥ miR ϩ) or a nontargeting negative control miRNA (REG␥ miR Ϫ) were transfected to express Tat-FLAG with or without Myc-PRMT6. All samples were cotransfected with ␤-galactosidase vector. The cells were treated with CHX (CHX ϩ) or vehicle (CHX Ϫ) for 3 h before Western blotting was performed on ␤-galactosidase-equalized lysates (for Myc-PRMT6 and Tat-FLAG blots) or total-protein-equalized lysates (for REG␥ and ␤-tubulin blots). The Tat-FLAG bands were quantified and are expressed relative to lane 3, where columns represent mean band intensities and error bars indicate standard deviations. The data are representative of three independent experiments.
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PRMT6 STABILIZES Tat  11701 tects Tat. Finally, the possibility that the PA200 nuclear proteasome (54) is somehow involved in regulating Tat stability cannot be excluded. Our study presents an apparent paradox with the work of Xie and colleagues (58) , indicating that PRMT6 can be both a positive and a negative cofactor of HIV-1 Tat. This dilemma may be resolved by considering that Tat plays a spectrum of roles during HIV-1 replication and AIDS pathogenesis (25) , many of which require Tat to be present in the cell cytoplasm (23, 50, 57) or extracellular milieu (15, 34, 35) . The fate of Tat after it becomes methylated by PRMT6 and can no longer participate in transactivation is unknown, but our data show that methylated Tat is unlikely to be degraded efficiently. We propose a model in which methylated Tat, by way of its increased stability, becomes the source pool for cytoplasmic and extracellular Tat. PRMT6 would enable Tat to bypass or escape the transactivation cycle, thereby making Tat available for other functions. In this model, arginine methylation acts as a molecular switch of Tat function, and PRMT6 is therefore a positive regulator of Tat pathogenesis.
